Introduction
Axons are guided to their targets by a variety of extracellular guidance cues (Plachez and Richards, 2005) . Guidance cues activate signaling transduction pathways that, in turn, regulate the dynamics and organization of the neuronal cytoskeleton. Guidance cues can steer growth cones towards or away from the source of the cue. Repellent guidance cues induce growth cone collapse, characterized by the loss of protrusive lamellipodia and filopodia (Gallo and Letourneau, 2004) . Growth cone collapse is often followed by axon retraction. Axon retraction induced by guidance cues is of fundamental importance during refinement of axonal projections (reviewed in Luo and O'Leary, 2005) . Although the role of axon retraction during development of the nervous system is well appreciated, the mechanism of guidance-cue-induced retraction is not fully elucidated.
A requirement for actin filaments (F-actin) in mediating axon retraction has long been established (Solomon and Magendantz, 1981) . Similarly, previous studies identified myosin II as an essential component of the mechanism of axon retraction in response to repellent guidance cues (Wylie and Chantler, 2003; Gallo et al., 2002) , axotomy (Gallo, 2004) , stabilization of the actin cytoskeleton , and inhibition of microtubule motors (Ahmad et al., 2000) . Myosin II interacts with F-actin to generate contractile forces that result in axon retraction. Although myosin II is found throughout axons and growth cones (Rochlin et al., 1995) , F-actin is concentrated at the growth cone and sparse in the axon (Letourneau, 1983) . Importantly, repellent guidance cues cause growth cone collapse and depolymerize growth cone F-actin while promoting axon retraction (Gallo and Letourneau, 2004) . The dependence of axon retraction on myosin II activity and F-actin thus raises a paradox; how can myosin II drive axon retraction if the major source of the required substratum for force generation, growth cone F-actin, has been depleted?
In cells, F-actin assumes specific types of organization depending on its functions. Neurons exhibit two types of protrusive structures, lamellipodia and filopodia, each supported by a different type of F-actin organization (Gallo and Letourneau, 2004) . In lamellipodia, actin filaments form meshworks that drive lamellipodial advance. In filopodia, actin filaments are arranged as bundles of filaments. The polymerization of filaments at the leading edge of lamellipodia and filopodia drives the protrusion of these structures. Actin filaments also serve contractile functions through their association with myosin II. Actin filaments in contractile structures, such as stress fibers, sarcomeres or cytokinetic rings, are organized as intracellular bundles of aligned filaments (Maupin and Pollard, 1986; Burridge and Chrzanowska-Wodnicka, 1996) . Contractile forces are then generated by the activity of myosin II, pulling on these filaments (Straight et al., 2003) . The F-actin substrata for myosin-II-dependent force generation during axon retraction have not been identified. In this report I demonstrate that the growth-cone-collapse-and axon-retraction-inducing guidance cue semaphorin 3A causes a loss of F-actin that drives Axon guidance is mediated by the effects of attractant and repellent guidance cues on the cytoskeleton of growth cones and axons. During development, axon retraction is an important aspect of the pruning of inappropriately targeted axons in response to repellent guidance cues. I investigated the roles of RhoA-kinase and myosin II in semaphorin-3A-induced growth cone collapse and axon retraction. I report that semaphorin 3A activates myosin II in growth cones and axons. Myosin II activity is required for axon retraction but not growth cone collapse. Furthermore, semaphorin 3A promotes the formation of intra-axonal F-actin bundles in concert with the loss of Factin in growth cone lamellipodia and filopodia. Formation of axonal F-actin bundles was independent of myosin II, but partially required RhoA-kinase activity. Conversely, RhoA-kinase activity was required to shut down F-actin polymerization underlying protrusive activity. Collectively, these observations suggest that guidance cues cause axon retraction through the coordinated activation of myosin II and the formation of intra-axonal F-actin bundles for myosin-II-based force generation. I suggest that in the context of semaphorin 3A signaling, RhoA-kinase serves as a switch to change the function of the F-actin cytoskeleton from promoting protrusive activity to generating contractile forces.
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treatment in the presence of y-27632 or C3 slightly attenuated the rate of axon extension, axons continued to extend. Collectively, these data indicate that myosin II acts downstream of ROCK during semaphorin-3A-induced axon retraction. Moreover, these results suggest that myosin-IIindependent mechanisms downstream of RhoA-ROCK block the ability of axons to extend following treatment with semaphorin 3A.
A report by Kolega has revealed that illumination of blebbistatin with light of 365 nm or 450-490 nm wavelengths can result in phototoxic effects (Kolega, 2004) . Control experiments on the effects of blebbistatin on axon retraction in the absence of phase-contrast live imaging and illumination ruled out possible illumination-related confounds. Briefly, cultures were treated with blebbistatin or DMSO without illumination. Next, a picture was acquired just prior to treatment with semaphorin 3A, another 30 minutes after treatment -without intervening illumination. Under these conditions control axons treated with semaphorin retracted 27±6 m (n=22), whereas blebbistatin-treated axons retracted only 7±4 m (n=28), similar to the effects of blebbistatin in the live-imaging experiments presented in Fig. 1 .
A role of RhoA-ROCK signaling in mediating growth cone collapse in response to semaphorins and ephrins has been previously demonstrated (Wahl et al., 2000; Dontchev and Letourneau, 2002; Dontchev and Letourneau, 2003; Gallo and Letourneau, 2004) . Given that myosin II is an effector of ROCK, myosin II has been proposed to act downstream of repellent guidance cues leading to growth cone collapse (Wahl et al., 2000; Gallo and Letourneau, 2004) . Inhibition of ROCK with y-27632 or C3 to block RhoA, partially decreased the extent of semaphorin-3A-induced growth cone collapse (Fig.  1C) . The percentage of collapsed growth cones in response to semaphorin 3A decreased by 68% and 77%, respectively, following y-27632 and C3 pretreatment relative to semaphorin 3A treatment alone (Fig. 1C) . Thus, although semaphorin-3A-induced growth cone collapse was decreased by inhibition of RhoA or ROCK, the effect was not complete. Partial inhibition of growth cone collapse in response to semaphorin 3A is consistent with previous studies (Dontchev and Letourneau, 2002) . In contrast to inhibition of RhoA or ROCK, treatment with blebbistatin to inhibit myosin II did not alter the percentage of growth cones collapsed after treatment with semaphorin 3A (Fig. 1A,C) . Thus, semaphorin-3A-induced axon retraction but not growth cone collapse requires myosin II activity downstream of ROCK.
Semaphorin 3A increases axonal F-actin levels by inducing intra-axonal F-actin bundles Axon retraction requires F-actin, but semaphorin 3A causes growth cone collapse and thus the loss of the largest source of F-actin available for myosin II to drive axonal contractility during retraction (Letourneau, 1983) . This consideration raises the question of the source of F-actin that myosin II uses to drive axon retraction in response to semaphorin 3A. To determine the effects of semaphorin 3A on the organization of F-actin in growth cones and axons, I investigated the amount and organization of F-actin at the growth cone and along the axon following semaphorin 3A treatment. In control axons F-actin accumulates at the growth cone, sparsely in the distal 20 m of axons, and at relatively lower levels in the more proximal axon shaft ( Fig. 2A) . Following treatment with semaphorin 3A F-actin levels at the tip of axons were greatly decreased and lamellipodia and filopodia had undergone collapse, as expected from previous reports focusing on the F-actin content in the distal-most extent of the axon (reviewed in Gallo and Letourneau, 2004) . However, after treatment with semaphorin 3A F-actin levels increased throughout the distal 100 m of axons ( Fig. 2A) , a part of the axon behind the growth cone that does not normally exhibit high levels of F-actin. Quantification of F-actin staining revealed a time-dependent increase in axons following semaphorin 3A treatment that reached a plateau of 65-75% increase relative to time-matched controls by 10 minutes after treatment (P<0.01, n>30 per time point, 0, 5, 10, 15, 20 and 30 minutes after treatment, n=25-30 axons per group). F-actin in semaphorin-A-treated axons was organized in the form of intra-axonal bundles that generally extended parallel to the axis of the axon (Fig. 2B) . However, the F-actin bundles often appeared to cross from one side of axons to the other (Fig. 2B) . Thus, semaphorin 3A induced an intra-axonal cage-like organization of F-actin bundles in axons.
Given that semaphorin 3A induced a cage-like organization of F-actin, which could serve as a substratum for myosin II to generate contractile forces during axon retraction, I sought to determine whether myosin II underwent detectable redistributions in axons following semaphorin 3A treatment. To investigate the distributions of axonal F-actin bundles and myosin II after treatment with semaphorin 3A, I double labeled axons with phalloidin and antibodies specific to myosin IIA and IIB (Fig. 2C) . In control axons, both myosin isoforms are present in a uniform punctuate distribution, presumably reflective of myosin II mini-filament formation (Bridgman, 2002) . Axonal F-actin bundles induced by semaphorin 3A were invariably colocalized with myosin II in the axon (Fig.  2C) . Sideward buckling of the axonal shaft is a common feature of retracting axons (Luo and O'Leary, 2005) . Interestingly, at sites of axonal buckling I observed accumulations of myosin IIA (Fig. 2C) , perhaps reflective of regions of greater myosin II force generation resulting in a distortion of the axon shaft. Similarly, myosin IIA was often concentrated at the tip of retracting axons (Fig. 2C ). Myosin IIB did not appear to exhibit similar concentrations at sites of axonal buckling and retracting axon tips (Fig. 2C) . Moreover, the staining intensity of myosin IIB was lower than that of myosin IIA in both control and semaphorin-3A-treated axons. Thus, the relative distribution of myosin IIA is consistent with the proposed role of myosin IIA in driving axon retraction (Wylie and Chantler, 2003) . The
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ROCK activity drives the formation of cytoplasmic F-actin bundles in non-neuronal cells (Yoneda et al., 2005) and in the central domains of growth cones (Loudon et al., 2006) . I therefore investigated whether RhoA and ROCK activity is required for semaphorin-3A-induced F-actin bundles. The increase in F-actin levels in axons following semaphorin 3A treatment was decreased by 50% in the presence of the ROCK inhibitor y-27632 (10 M; Fig. 2E ). To determine whether ROCK inhibition affected semaphorin-3A-induced axonal bundles, I performed a blind semi-quantitative analysis of the presence of F-actin bundle structures in axons. Axons were subdivided into 5-m segments and scored for the presence of bundles. The percentage of axon segments exhibiting bundles as a function of distance from the tip of the axon was depicted in a graph (Fig. 2D ). Control axons consistently exhibited bundles only in the distal 20 m ( Fig. 2A , arrows in inset). However, following semaphorin 3A treatment, bundles were present throughout the distal 100 m of axons. Consistent with measurements of total F-actin levels in axons, y-27632 treatment decreased the percentage of axonal segments exhibiting bundles by approximately 50% (Fig. 2D ). y-27632 treatment also decreased the exhibition of bundles in the distal 20 m of axons treated with the ROCK inhibitor alone (Fig.  2D) .
Similar to the inhibition of ROCK, inhibition of RhoA by using C3 toxin decreased the exhibition of F-actin bundles following semaphorin 3A treatment (Fig. 2F) . However, the effect of direct RhoA inhibition on axonal bundles was more pronounced than that of inhibition of ROCK. C3 pretreatment reduced the axonal F-actin content that had been induced by semaphorin 3A by approximately 86% (Fig. 2E,F) . Thus, RhoA activity is required for the formation and/or maintenance of intra-axonal F-actin bundles in response to semaphorin 3A. Inhibition of RhoA had a more pronounced effect than inhibition of ROCK on semaphorin 3A-induced bundles. This discrepancy indicates that, in the context of semaphorin 3A signaling, downstream effectors of RhoA other than ROCK (e.g. mDia1) also contribute to bundle formation and/or maintenance (Watanabe et al., 1999) . The greater effect of C3 on axonal F-actin-bundle formation relative to treatment with 10 M y-27632 is probably not due to this dose of y-27632 being sub-optimal because we have previously determined that it decreases the endogenous levels of regulatory myosin light chain phosphorylation by approximately 80% (Loudon et al., 2006) and blocks semaphorin-3A-induced increases in the phosphorylation of regulatory myosin light chain (Fig. 4C) .
Myosin II activity has been reported to be required for the formation or maintenance of some forms of F-actin bundles (Bridgman et al., 2001; Guha et al., 2005) . However, inhibition of myosin II by using blebbistatin did not alter the semaphorin-3A-induced increase in axonal F-actin content (P>0.05) or the exhibition of axonal bundles (Fig. 2D) . Thus, myosin II activity downstream of ROCK is not required for semaphoring-3A-induced axonal F-actin bundles.
RhoA activation of ROCK is sufficient to induce axonal F-actin bundles RhoA is activated by semaphorin signaling and, in turn, activates ROCK (Hall et al., 2001; Hu et al., 2001; Swiercz et al., 2002; Dontchev and Letourneau, 2002; Wu et al., 2005) . The activation of RhoA-ROCK by semaphorin 3A is required for the formation or maintenance of axonal F-actin bundles (Fig. 2) . I next determined whether activation of ROCK by RhoA is sufficient to explain the effects of semaphorin 3A on the formation of axonal F-actin bundles. To determine whether RhoA-ROCK activity alone is sufficient for the formation of axonal F-actin bundles, I transfected neurons with constitutively active RhoA protein (L63RhoA) using the peptide carrier Chariot (reviewed in Gallo, 2003) . Three hours after transfection, 57% of L63RhoA-transfected growth cones were fully collapsed, compared with only 16% in BSAtransfected control cultures (n>100 growth cones in each group). Examination of the F-actin cytoskeleton revealed that L63RhoA-transfected axons exhibited intra-axonal F-actin bundles that were not qualitatively distinguishable from semaphorin-3A-induced F-actin bundles (Fig. 3A) . Axonal Factin bundles were also observed in axons that exhibited only partially collapsed growth cones (Fig. 3B ). Bundles were localized parallel to the axis of the axon and also crossed over from one side to the other (Fig. 3A ,B, see insets), similar to bundles formed in response to semaphorin 3A (Fig. 2) . L63RhoA increased the axonal F-actin content by 60% relative to BSA controls (P<0.01, n=30 axons per group). No difference in F-actin content was detected in axons treated with y-27632 or y-27632 together with L63RhoA (P>0.7, n=30 axons per group). Analysis of the distribution of axonal F-actin bundles revealed no differences of axons treated with y-27632 or y-27632 together with L63RhoA treated axons (Fig. 3C) . Thus, although constitutively active RhoA can promote Factin-bundle formation that strictly depends on ROCK, semaphorin 3A might activate additional parallel pathways that can partially compensate for lack of ROCK activity. Alternatively, the degree of L63RhoA transfection might not attain the same levels of high RhoA activity induced by semaphorin 3A. In this case then the same concentration of y-27632 (10 M) may have a greater effect on bundles formed in response to L63RhoA compared with semaphorin 3A.
Regardless, these data demonstrate that ROCK, downstream of RhoA, is sufficient to induce axonal F-actin-bundle formation.
Loading of constitutively active RhoA into axons induces axon retraction Similar to the effects of semaphorin 3A, L63RhoA caused growth cone collapse and the formation of axonal F-actin bundles in axons. I next determined whether L63RhoA, like semaphorin 3A, also induced axon retraction in conjunction with growth cone collapse and the formation of axonal F-actin bundles. L63RhoA-transfected axons grew at a slower rate and underwent more frequent spontaneous retraction than control axons transfected with BSA. Cultures were transfected for 2 hours before imaging experiments. To prevent sampling bias, all axons in the field were counted in the analysis, regardless of whether the growth cone was collapsed or not. L63RhoA transfection decreased during the time that axons spent actively elongating by 81% relative to transfections with BSA (P<0.000001; Fig. 3D ). During a 40-minute imaging period, L63RhoA-transfected axons extended 6.5±1.1 minutes (n=30) during observation, compared with 34.9±0.9 minutes (n=25) for BSA-transfected axons. L63RhoA-transfected axons that did not extend, either stalled or retracted. Stalling was defined as the period were the tip of the axon neither advanced nor retracted. During a 40-minute imaging period 12% and 73% of BSA-and L63RhoA-transfected axons, respectively, underwent retraction for у3 minutes (Fig. 3E) . The mean time individual control axons spent retracting during a bout of retraction was 2.0±0.6 minutes (n=3 axons) in BSA-transfected controls. Control BSA-transfected axons were observed to retract at a maximum of 3 minutes during imaging. L63RhoA increased the time axons spent retracting during a bout of retraction by 200% (6.0±0.7 minutes; n=30 axons, P<0.001, Welch t-test). In addition, three of the L63RhoA-transfected axons underwent a net retraction of 17±2 m/40 minute. None of the control axons underwent net retraction. Thus, the introduction of L63RhoA alone is sufficient to promote axon retraction, inhibit axon extension rate and induce axonal Factin bundles.
To determine the role of ROCK in the inhibitory effects of L63RhoA on axon extension, axons were treated with y-27632 at the time of transfection and compared with L63RhoA-transfected axons. Co-treatment with y-27632 partially reversed the inhibition of axon extension rate induced by L63RhoA. y-27632 treated L63RhoA transfected axons extended at 44% the rate of control y-27632 treated BSAtransfected axons, relative to 13% for axons transfected with L63RhoA alone (P<0.001). Axons treated simultaneously with L63RhoA and y-27632 exhibited an increase in the time spent elongating compared with axons treated with L63RhoA alone (9.7±0.9 compared with 6.5±1.1 minutes, respectively, P<0.03 Welch t-test). The time axons spent stalling did not differ between the two groups (P>0.1, Welch t-test).
To determine the contribution of ROCK to the axonretraction-induced L63RhoA, I determined the percentage of axons retracting in cultures that had been transfected with L63RhoA and simultaneously treated with 10 M y-27632. Determination of the percentage of retracting axons in a time period above the maximum for control axons (3 minutes) yielded 73% for L63RhoA-transfected axons and 23% for axons transfected with L63RhoA and treated with y-27632 at the same time (n=32; Fig. 3E ). In addition, the mean time spent in a bout of retraction by L63RhoA-transfected axons treated with y-27632 and by BSA-transfected controls was the same (2.7±0.5 minutes, n=12 and 2.0±0.6 minutes, n=3, respectively) (P>0.4, Welch t-test), compared with the 200% increase compared with controls induced by transfection with L63RhoA alone.
Collectively these data demonstrate that ROCK, downstream of L63RhoA, induces axon retraction and inhibits forward extension of the axon. Axon stalling may be mediated by additional components of the RhoA pathway, or reflect insufficient net RhoA activity to fully drive retraction. Overall, these data are consistent with RhoA-ROCK activity mediating axon retraction downstream of semaphorin 3A signaling.
ROCK is required for semaphorin-3A-induced activation of myosin II in axons Although myosin II has been shown to be required for retraction, few studies have determined the state of myosin II activation in relation to treatment with repellent guidance cues (Wahl et al., 2000; Alabed et al., 2006) . This determination is important because endogenous myosin II activity is sufficient to drive retraction in response to pharmacological stabilization of the actin cytoskeleton . Therefore, I first asked whether semaphorin 3A activates myosin II in the axons of nerve growth factor (NGF)-responsive embryonic dorsal root ganglion cultures. Myosin II activation depends on Journal of Cell Science 119 (16) phosphorylation of serine residue 19 of the regulatory myosin light chains (rMLC) (Bresnick, 1999) by kinases, including RhoA-kinase. I used an antibody specific to rMLC phosphorylated on serine 19 to stain axons before and after treatment with semaphorin 3A, as previously reported (Loudon et al., 2006) . The intensity of phosphorylated rMLC staining was expressed as the ratio to the intensity of a volumetric marker (CellTracker, see Materials and Methods). The activation of myosin II was determined 10 minutes post treatment because at this time, growth cones have collapsed and axons have begun retracting. Treatment with semaphorin 3A increased myosin II activity above control levels (Fig.  4A,B ). These data demonstrate that myosin II is an active component of the semaphorin 3A signaling cascade.
To determine whether ROCK activity is required for semaphorin-3A-induced increases in rMLC phosphorylation, cultures were treated with y-27632 before treatment with semaphorin 3A. In the presence of 10 M y-27632, semaphorin 3A failed to elevate rMLC phosphorylation levels above the levels present in axons treated with y-27632 alone (Fig. 4C) . Thus, ROCK signaling is required for the activation of myosin II by semaphorin 3A.
Inhibition of ROCK prevents a semaphorin-3A-induced block of F-actin polymerization that leads to protrusive activity Inhibition of ROCK decreases growth cone collapse and axon retraction in response to semaphorin 3A (Fig. 1) (Dontchev and Letourneau, 2002; Dontchev and Letourneau, 2003) . However, myosin II is required for semaphorin-3A-induced axon retraction but not growth cone collapse (see Fig. 1 ). The hallmark of growth cone collapse is the loss of growth cone Factin, which supports the formation of lamellipodia and filopodia (Gallo and Letourneau, 2004) . I therefore tested whether ROCK mediates the effects of semaphorin 3A on Factin polymerization in growth cones that leads to the formation of protrusive structures. Spontaneously formed patches of F-actin in the distal axon serve as precursors to filopodial and lamellipodial extension (Fig. 5A) (Lau et al., 1999; Loudon et al., 2006) . Axonal F-actin patches, thus, provide an excellent model system for investigating the dynamics of F-actin that lead to protrusive activity, and allow us to track F-actin dynamics before protrusive activity emerges. I monitored the rate of F-actin patch formation within the same axons before and after treatment with semaphorin 3A. Treatment with semaphorin 3A blocked the formation of axonal F-actin patches (Fig. 5B ). These data demonstrate that semaphorin 3A shuts down the polymerization of F-actin that contributes to the formation of filopodia and lamellipodia. Inhibition of ROCK using y-27632 prevented the semaphorin-3A-induced block of F-actin-patch formation (Fig. 5B) . Thus, ROCK activity in response to semaphorin 3A treatment is largely responsible for the shutdown of F-actin polymerization that leads to protrusion of filopodia and lamellipodia.
Furthermore, when patches formed in semaphorin-3A-treated axons they were much more transient than in control axons. In control axons, patches formed and proceeded to exhibit a relatively strong and localized enhanced yellow fluorescent protein (eYFP)-actin signal (Fig. 5C ). However, in semaphorin-3A-treated axons, when patches formed, these signals were barely detectable and never attained similar intensities to those of control axons (compare insets in Fig. 5C  and D) . Furthermore, the maximal life-span of patches observed in semaphorin-3A-treated axons was 18 seconds, less than the mean duration of 23±1 seconds exhibited by patches formed before treatment with semaphorin 3A. These observations further indicate that semaphorin 3A blocks the formation of F-actin axonal patches, which serve as precursors to protrusive activity.
Inhibition of ROCK by using y-27632 blocked the effects of semaphorin 3A on the formation of eYFP-actin patches (Fig.  5B) . Growth cones treated with y-27632 prior to treatment with semaphorin 3A did not collapse (compare Fig. 5D and E). Semaphorin 3A treatment reduced the size of the growth Fig. 5 . Semaphorin 3A blocks the formation of axonal F-actin patches that serve as precursors to filopodial and lamellipodial extension. (A) Example of filopodial protrusion from a spontaneously formed axonal F-actin patch in an eYFP-actin expression axon. Numbers in panels reflect seconds. At 15 seconds, a patch forms (arrow) that subsequently gives rise to a filopodium (sec 30-45). By 60 seconds, the filopodium has retracted and the patch has disappeared. As described by Loudon et al., the majority of axonal protrusive events are preceded by patch formation (Loudon et al., 2006) , although only approximately 6-7% of F-actin patches give rise to filopodial or lamellipodial protrusion. (B) Determination of the frequency of F-actin patch formation, during 6-minute sampling periods (6-second interframe intervals) in eYFPactin-transfected axons revealed that semaphorin 3A inhibited the formation of patches. Inhibition of patches occurred with a similar time course to that of growth cone collapse (i.e. during the first 10 minutes of treatment). The effects of semaphorin 3A were blocked by 10 M y-27632 (P values shown for comparison of semaphorin 3A treatment and controls within time points, Welch t-test, n=6-7 axons per group; y-27632 together with semaphorin 3A frequencies were not different from controls at either time points). (C) Example of axonal F-actin patch formation in a control axon, as previously described by Loudon et al. (Loudon et al., 2006) . Patches form spontaneously and increase in size and fluorescence intensity. Double-magnification insets of the patches are shown in the bottom of each panel. Numbers in panels reflect seconds in the time-lapse sequence. Arrowhead in middle panel indicates a briefly detectable eYFP-actin patch. (D) Example of minimal patchformation, and lack of patch development, in an axon treated with semaphorin 3A for 13 minutes. A small, but detectable, patch of eYFP-actin formed (middle panel) but the patch disappeared at 6 seconds. The rapid disappearance of patches in the semaphorin-3A-treated axon stands in contrast to the much longer live-span of patches observed in control axons (compare seconds elapsed in C and D). Arrowheads in middle panel indicate a briefly detectable eYFP-actin patch. Double-magnification insets of the patches are shown in the bottom of each panel; arrow in 0-second-panel magnification indicates the collapsed growth cone. Numbers in panels reflect seconds in the time-lapse sequence. (E) Growth cone pretreated with y-27632 followed by a 13-minute treatment with semaphorin 3A. Notice that the growth cone is not collapsed (as in D), and continues to undergo morphologic remodeling. Numbers in panels reflect minutes. (F) Example of an eYFP-actin patch (arrowhead) forming and developing in an axon pretreated with y-27632 followed by treatment with semaphorin 3A for 13 minutes. Notice the similarity to patch formation in control axons (in C). Number in panels reflect seconds. (G) Time-lapse sequence from an eYFP-actin-transfected axon treated with semaphorin 3A for 13 minutes (t=0); 72 seconds later, bundle-like eYFP-actin is apparent (arrowheads) and becomes more pronounced at 240 seconds. Image was inverted to increase the contrast of the eYFP-actin signal.
cone by 77±4% during the imaging period. By contrast, pretreatment with y-27632 reduced the size of the growth cone only by 23±15% following treatment with semaphorin 3A (P<0.01; compared with semaphorin 3A treatment alone). Furthermore, growth cones remained motile and exhibited lamellipodial and filopodial protrusion (Fig. 5E) . Similarly, eYFP-actin patches that formed in axons treated with y-27632 and subsequently with semaphorin 3A, formed and developed in a manner similar to those of control axons (compare Fig. 5C  and F) . Thus, these data extend previous observations that inhibition of ROCK prevents growth cone collapse in growth cones of sensory neurons (Dontchev and Letourneau, 2002; Dontchev and Letourneau, 2003) , by indicating that the function of ROCK is to shut down F-actin polymerization leading to protrusive activity. This is in contrast to the role of Rac1 in mediating ephrin-induced growth cone collapse, where inhibition of Rac1 does not interfere with decreasing F-actin in growth cones, although it prevents morphologic collapse (Jurney et al., 2002) .
Although I have previously imaged the formation of F-actin bundles in the thin lamellipodia of growth cones by using eYFP-actin (Loudon et al., 2006) , I was not able to routinely image the formation of F-actin bundles in axons due to the prevalent G-actin background-eYFP-actin-signal in the large volume of the axon shaft. In cases where I could observe bundle-like eYFP-actin signal in the axon, due to a concurrent decrease in background, the apparent bundles formed without any presaging signal or patch formation ( Fig. 5G ; three of seven axons).
Discussion
Axon retraction is a fundamental aspect of the response of axons to repellent guidance cues. For example, during development, inappropriately projected retinal axons undergo retraction in response to gradients of repellent guidance cues in the tectal target (Luo and O'Leary, 2005) . Similarly, axons compete for space at the neuromuscular junction, and the losing axon retracts (Bernstein and Lichtman, 1999) . Furthermore, retraction of the axon is an important aspect of guidance in vivo. Axons that veer off course and encounter the repellent guidance cue Slit are set back on course by retracting away from the territory expressing slit (Hutson and Chien, 2002) . Elucidating the mechanism of repellent-cue-induced axon retraction is thus of great importance to understand axon guidance and the pruning of axonal pathways. In this report, I present evidence that semaphorin 3A coordinates the activation of myosin II, by generating an intra-axonal F-actin-bundlecytoskeleton that serves as a substratum for force generation of myosin II during axonal retraction. Furthermore, I present data that imply ROCK as the downstream effector of semaphorin 3A signaling responsible for shutting down F-actin polymerization leading to protrusive activity, resulting in growth cone collapse.
Semaphorin 3A increased the levels of phosphorylated rMLC in axons in a ROCK-dependent manner, demonstrating that myosin II is activated by semaphorin 3A signaling pathways. Myosin II might be involved in growth cone collapse by generating contractile forces that could drive increased retrograde flow of F-actin in growth cones. My results are inconsistent with a role for myosin II in driving growth cone collapse in response to semaphorin 3A. However, I report that myosin II is required for semaphorin-3A-induced axon retraction. A role for myosin II in driving axon retraction would be consistent with previous demonstrations (Wylie and Chantler, 2003; Gallo et al., 2002; Gallo, 2004) .
Growth cone collapse is a complex process and is not merely the consequence of F-actin depolymerization (Gallo and Letourneau, 2004) . The GTPase Rac1 has been shown to be required for growth cone collapse in response to semaphorin 3A and ephrins. Interestingly, although growth cones do not collapse in response to guidance cues when Rac1 is inhibited, F-actin undergoes depolymerization to the same extent as in control growth cones treated with collapsing cues (Jurney et al., 2002) . In this study, I present evidence that the shutdown of F-actin polymerization leading to protrusive activity in response to semaphorin 3A is mediated by ROCK. Semaphorin 3A blocked the formation of F-actin patches, which have been shown to be precursors to filopodial and lamellipodial protrusion (Lau et al., 1999; Loudon et al., 2006) . Thus, the effects of semaphorin 3A appear to be on the earliest step in the process of protrusion, the generation of an F-actin substratum that subsequently serves to produce filopodia and lamellipodia. These data suggest that semaphorin 3A signaling inhibits F-actin nucleation, the first step in filament formation. Unfortunately, the mechanisms underlying F-actin nucleation in growth cones are largely unknown and appear to be largely independent of Arp2/3 (Strasser et al., 2004) . Thus, the issue of whether semaphorin 3A directly affects proteins involved in actin nucleation will require further study. Alternatively, semaphorin 3A might not inhibit F-actin nucleation but block subsequent polymerization. These issues will require further experimental analysis.
Although ROCK is involved in the depletion of F-actin underlying protrusion of filopodia and lamellipodia, my data indicate that ROCK is also involved in the generation of axonal F-actin bundles. Thus, I suggest that ROCK acts as a major regulatory switch in the organization of F-actin in growth cones and axons downstream of semaphorin 3A signaling (Fig. 6 ). High levels of active ROCK shut down the generation of F-actin that contributes to protrusion but promotes the formation of Factin bundles, which serve as a substratum for myosin-IImediated force generation during the process of axon retraction. My data are consistent with the proposal that there are multiple cellular organizational schemes of F-actin that mediate specific cellular functions, such as protrusion and contractility (Evangelista et al., 2003) . Intra-axonal F-actin bundles might represent the favored organization of F-actin for the generation of contractile forces, whereas F-actin meshworks might underlie the protrusion of the leading edge. Indeed, a current model for filopodial elongation, which is dependent on the formation of a core F-actin bundle, indicates that filopodialbundle formation is driven by reorganization of F-actin meshworks (Svitkina et al., 2003) . Furthermore, filopodial Factin bundles are protrusive structures, unlike the intra-axonal F-actin bundles generated by semaphorin 3A. It will be of interest to further study the differences in the molecular components of filopodial and intra-axonal F-actin bundles.
To my knowledge, intra-axonal F-actin bundles have not been previously reported. Indeed, dorsal root ganglion axons extending on a laminin substratum usually exhibit very little cortical F-actin and interspersed patches of F-actin (Loudon et al., 2006) . The apparent function of axonal F-actin bundles in axonal retraction suggests that they are functionally analogous to the F-actin contractile structure of non-neuronal cells, the stress fiber. Indeed, both stress fibers and axonal F-actin bundles depend on the activity of RhoA and RhoA-kinase and generate contractile forces (Schoenwaelder and Burridge, 1999) . However, stress fibers also transmit myosin-II forces onto the substratum through focal adhesions. It seems highly unlikely that this cellular function is also shared by axonal F-actin bundles. Rather, the intra-axonal cage-like organization of the bundles within the axon shaft suggests that, myosin II acting on these bundles generates forces directed either proximally along the axon towards the cell body, or centripetally towards the center of the axon. These forces would, in turn, result in the retraction of the axon, and the buckling of the axonal microtubule array due to increased compressive forces on the axonal microtubule array (Joshi et al., 1985) .
Our results reveal for the first time a specific F-actin organization that is used by neurons to generate contractile forces and axon retraction. This observation suggests a solution to the paradox of myosin-II-dependent axon retraction following the loss of the richest source of F-actin, the growth cone. Guidance cues inhibit the formation of F-actin that leads to protrusion of filopodia and lamellae but promote the formation of a specialized set of intra-axonal F-actin bundles that serve as a substratum for myosin-II-dependent contractility. In this report, I demonstrate that ROCK downstream of semaphorin 3A signaling shuts down the production of F-actin patches, which serve as precursors to protrusive activity. We have previously shown that endogenous ROCK activity inhibits baseline levels of protrusion (Loudon et al., 2006) . Thus, the RhoA-ROCK signaling axis negatively controls the formation of organized F-actin involved in producing protrusive structures, while also promoting the formation of organized F-actin that leads to the generation of contractile forces. I propose that RhoA-ROCK signaling is a major determinant in the balance between cellular contractility and protrusive activity during axon extension and guidance, by coordinating myosin II activity and the organization of the Factin cytoskeleton (Fig. 6 ).
Materials and Methods

Culturing
For enhanced yellow fluorescent protein (eYFP)-actin transfection experiments, dissociated embryonic-day-10 chicken dorsal root ganglion neurons were prepared and cultured as described previously (Loudon et al., 2006) . For dissociation, ganglia were digested with trypsin followed by incubation in Ca 2+ -Mg 2+ -free saline prior to mechanical dissociation. For growth-cone-collapse-and retraction-assays, ganglia were cultured as explants. Substrata were coated overnight with 25 g/ml laminin (Invitrogen, Carlsbad CA). Culturing was performed in defined F12H medium (Invitrogen) containing 20 ng/ml nerve growth factor (NGF; R&D Systems, Minneapolis MN).
Reagents
Semaphorin 3A was obtained from R&D Systems and kept as a stock solution at -70°C. The final concentration used in experiments was 800 ng/ml. Two hours prior to treatment with semaphorin 3A the concentration of NGF in the medium was lowered to 0.1 ng/ml to minimize growth-factor-mediated protection from growth cone collapse (Dontchev and Letourneau, 2002) .
y-27632 was obtained from Calbiochem (Carlsbad, CA) and used at a final concentration of 10 M. Purified L63RhoA and C3 proteins were purchased from Cytoskeleton Inc. (Denver, CO) and stored at -70°C at a concentration of 100 g/ml. Blebbistatin was purchased from Toronto Research Chemicals Inc. (North York, Ontario, Canada) and a 20 mM stock solution was made in DMSO and stored at -20°C.
Peptide-mediated protein transfection
The L63RhoA and C3 proteins were delivered to cells as previously described Jurney et al., 2002) . One microgram of L63RhoA, C3 or bovine serum albumin (BSA; control) was mixed with 6 l of the cell-permeable peptide Chariot (ActiveMotif Inc., Carlsbad CA) for 30 minutes following the manufacturer's directions. For additional details on the protocol see the review by Gallo (Gallo, 2003) .
eYFP-actin transfection
eYFP-actin plasmids (Clontech Inc., Palo Alto, CA) were prepared using midi-prep kits (Quiagen, Valencia, CA). Electroporation was performed using the Axama Nucleoftector and reagents appropriate for chicken neurons (Amaxa, Cologne, Germany). Transfection was performed using the G013 setting of the electroporator. Ten micrograms of plasmid were used for each transfection of dissociated cells from a total of 40 ganglia. Cells were plated immediately following transfection and analyzed after one day in vitro.
Imaging
Time-lapse phase-contrast imaging of cultures was performed with a Zeiss Axiovert 135M microscope (Zeiss Inc., Göttingen, Germany), equipped with a Zeiss AxioCam CCD camera. Illumination was provided by a 100 W halogen system at minimal strength controlled by the built-in illumination-intensity controller. The stage was heated by an air curtain (ASI 400; Nevtek, Burnsville VA). Time-lapse fluorescence imaging was performed using a fully motorized Zeiss 200M inverted microscope with a Zeiss three-plate insert heated-stage and equipped with an Orca ER CCD camera (Hamamatsu Inc, Bridgewater, NJ). All fluorescence-imaging data acquisition and analysis were performed using Zeiss AxioVision software. 20ϫ and 100ϫ objectives (Zeiss) were used for phase-and fluorescence-microscopy, respectively. eYFP-actin patch formation was determined as described by Loudon et al. (Loudon et al., 2006) . Imaging was performed using minimal light from a 100 W mercury source by closing the aperture diaphragm, and 200 millisecond to 300-millisecond exposures with 2ϫ2 pixel binning. Images were acquired using 6-second interframe intervals. Time-lapse sequences were analyzed using Zeiss AxioVision Software.
Immunocytochemistry
Cells grown on coverslips were fixed with 0.25% glutaraldehyde for 15 minutes, Journal of Cell Science 119 (16) Fig. 6 . Model of the proposed role of RhoA-kinase (ROCK) in the coordinated regulation of the axonal F-actin cytoskeleton and myosin II activity in response to semaphorin 3A signaling. (A) Under normal conditions, RhoA-kinase (ROCK) activity is low. However, as previously reported (Loudon et al., 2006) , endogenous baseline-ROCK-activity contributes to the negative regulation of protrusion, and promotes myosin II activity and the formation of a population of F-actin bundles in growth cones. (B) Following activation of RhoA by semaphorin 3A, ROCK activity is elevated, resulting in the suppression of protrusive activity, which contributes to growth cone collapse. In concert, elevated ROCK activity promotes the activation of myosin II and the formation of non-protrusive intra-axonal F-actin bundles that serve as a substratum for myosin II to generate the contractile forces required to drive axon retraction. Since inhibition of ROCK only partially blocked the formation of axonal bundles, additional pathways not elucidated in this report probably contribute to bundle formation. This diagram shows the proposed map of ROCK-myosin-II functions in growth cone collapse and axon retraction induced by semaphorin 3A. Since growth cone collapse occurs before axon retraction, the time course of the functions of ROCK-myosin-II in these two processes is not directly shown here.
washed and treated with sodium borohydride (2 mg/ml) for 15 minutes. Cells were then blocked and permeabilized with 10% goat serum in phosphate buffered saline containing 0.1% Triton X-100 (GST). F-actin was detected with phalloidin (Molecular Probes, Eugene, OR). Myosin IIA and myosin IIB were detected using isoform-specific antibodies from Covance (Berkeley, CA) at dilution 1:200. Coverslips were double-labeled for F-actin and either myosin IIA or myosin IIB. The labeling pattern of both myosin II antibodies was detected using the same Rhodamine-labeled secondary antibody (Jackson Immunoresearch Laboratories, West Grove, PA; 1:400). Primary and secondary antibodies were applied in GST. Omission of the primary antibody resulted in no detectable staining. Coverslips were mounted in nofade medium and stored at -20°C until analysis.
For detection of phosphorylated regulatory myosin light chains, I used an affinitypurified antibody raised against chicken light chains phosphorylated on serine residue 19 (gift of H. F. Yee, UCSF, CA), the major site of phosphorylation on light chains by myosin light chain kinase and RhoA-kinase (Bresnick, 1999) . The methods were essentially as previously reported (Loudon et al., 2006) . Briefly, prior to experimentation and fixation, axons were loaded with the cell-permeable aldehyde-fixable volumetric marker CellTracker (2.5 M; Molecular Probes) for 30 minutes, followed by washing with medium. Coverslips were fixed using 4% paraformaldehyde and stained with the light-chain antibody (dilution 1:1000) overnight at 4°C, as previously described. Coverslips were then labeled with 1:200 goat-anti rabbit secondary antibody conjugated to Rhodamine (Jackson). Ratiometric determination of the levels of light-chain staining relative to CellTracker were performed as previously described (Loudon et al., 2006) . Briefly, the relative mean intensities in defined areas of interest were measured using AxioVision software, while making sure that the signal was below saturation in all channels, under all experimental conditions. Staining intensities were determined in the distal 20 m of axons.
